An overview is presented of destructive and nondestructive techniques that have been widely used to characterize impact damage in fibre reinforced composites. Particular emphasis is placed on in-depth study of the radiography and ultrasonic methods as the means of quantitative evaluation of internal damage in fibre composite structures. The operating principles of these techniques are described along with advantages and disadvantages in their applications. This paper highlights the chapter contributed by the author to the book.
INTRODUCTION
Damage in fibre reinforced composites can be caused by many different sources that include static and fatigue loading, low energy impact during the manufacture and in service, and environmental factors such as moisture absorption and corrosion. The low energy impact, in particular, can be potentially dangerous as it can produce extensive subsurface delaminations that are not visible on the laminate surface. It has been proven that the presence of internal damage causes substantial losses in strength and stiffness of the composite components [1, 2] . The damage induced by low energy impact is a complex mixture of three principal failure modes, such as delaminations, transverse matrix cracking, fibre-matrix interface debonding and fibre fracture. The first two mechanisms are sensitive to the properties of the matrix material and the fibre-matrix interface, the third to the fibre failure strain [3] .
To fully understand the damage state, not only must the surface damage be evaluated, but also the position and spatial geometry of all delaminations and transverse matrix cracks within the composite must be accurately identified. An accurate description of the impact damage state is a prerequisite to reliable assessment of residual mechanical properties. The importance of accurate damage assessment in fibre reinforced composites has lead to the developments of many techniques that can be classified into destructive and non-destructive means. Among the destructive techniques are the de-ply method and cross-sectional fractography both of which are designed to visualize the characteristic internal damage state. The non-destructive method involves detection, measurements of the size and locations of damage state based on optical microscopy, X-rays, ultrasonic, acoustic emission, laser optics, interferometry/shearography, thermal instruments, etc. There have been several excellent comprehensive reviews [4, 5] that describe a wider range of measurement techniques for destructive and nondestructive evaluation of composite materials. Here, visual inspection, X-radiography and ultrasonic techniques are in-depth studied.
VISUAL INSPECTION
A great deal of information can be obtained by casting an eye over a composite structure. The visual inspection is particularly useful for moving components, such as helicopter rotor blades, turbine compressor buckets and water impellers. Periodic check of blade deflection can be used to monitor safe residual life, since the loss of strength is often accompanied by reduction in stiffness. Careful visual inspection can help identify the regions to be inspected by more sophisticated non-destructive methods. Reliability of visual inspection may be improved using conventional dye penetrants.
It was shown that visual inspection of glass fibre-thermoset matrix composites could reveal internal defects and damage. The reduction in transmission of light by delaminations can be accurately quantified using a solid state camera, whose image can be stored in a computer for the construction of digitised images. An optical microphotograph of a glass woven fabric vinyl ester matrix composite taken with the aid of transmitted light is shown in Fig. 1 [6, 7] . In addition to the extensive delamination observed in the central impact area, minute interface debonding occurred along the warp and weft directions of woven fabric in the surrounding regions near the back surface of impact, which contributed considerably to the total damage area of the
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laminate. The total damage area varied significantly depending on the interfacial bond strength which was affected by silane coupling agent applied to the fibre surface. Fig. 1 A magnified view of impact damage in a glass fabric-vinyl ester matrix composite. After Hirai et al. [6] .
(a) (b) Fig. 2 Schematic diagrams comparing (a) conventional X-ray radiography and (b) X-ray computed tomography (CT).
X-RADIOGRAPHY
X-radiography is one of the most useful forms of NDE because it can be used effectively on very complicated structures. X-ray techniques have long proved complementary to other techniques in finding volumetric defects in composite materials. The X-radiography relies on the differential absorption coefficient being directly related to material density and a function of the atomic number or scattering of X-ray photons as they pass through a material. The principle of radiography is schematically illustrated in Fig. 2 . Significant progress has been made in recent years in developing X-ray imaging techniques without relying on films, achieving state-of-the-art methods, such as computed tomography (CT) and its variations. Unlike conventional radiography which produces a shadowgraph representing the attenuation experienced by the X-rays, the CT process utilises X-ray intensity measurements and computes an image of the specimen cross-section. The computed image is a highly accurate representation with a very fine resolution of the attenuation scale. The real time viewing of X-ray images can reduce the demand for X-ray films.
De-ply and Stereo Radiography
De-ply radiography involves a combination of standard radiography and the aforementioned de-ply technique. The laminate is first penetrated with a solution of zinc iodide and the resin is subsequently pyrolysed in a furnace, resulting in the separation of the individual layers. The radiographs of these laminae provide a 3D map of damage pattern. The series of radiographs in Fig. 3 [8] .
Stereo radiography is a simple technique where two X-ray photographs are taken of the same material at two different orientations to create an image from both the right and left eye perspectives. The two X-ray photographs are then combined together to visualize the damaged region in three-dimension with the aid of a stereo viewer or computer aided tomographic techniques. The depth of the delamination is determined relying on viewer's perception on natural depth, and the depth perception effect can be augmented by increasing the difference in the angles of inclination between the two radiographs.
X-ray Computed Tomography (CT) and X-ray Tomographic Microscopy (XTM)
The use of 'tomography' (literally meaning 'the picture of a slice') was pioneered in medical diagnostics where the systems are commonly known as 'computed tomography' (CT) [9] . The intensity of the X-rays is normally in the range of 60 to 100
KeV for medical applications, while 100 to 650 KeV is required for industrial applications. Combining the power of a computer with the traditional radiographic technique, the computed tomography (CT) is capable of reconstructing a 3D map from a finite number of radiographic images. The collimated X-ray beams go through the test object, which are received by a row of detectors placed opposite the X-ray source ( Fig. 4(b) ). After the sample is rotated by a small angle, another two-dimensional absorption image is obtained. This process continues until 180° of sample rotation have been recorded. The attenuation of the intensity of the X-ray beam is measured in a number of angular increments. Data acquisition is achieved by a computer that carries out reconstruction of the object with a suitable algorithm.
(a) (b) Fig. 4 Comparison of (a) conventional X-radiography and (b) computed tomography (CT) images of 28 layer quasi-isotropic carbon fibre-epoxy matrix composite laminate after impact. After Bathias and Cagnasso [10] .
Major advantages of using X-ray CT techniques are good contrast sensitivity and high resolution. It was claimed that dimensional changes less than 0.01% and variations of density less than 0.1% could be detected, and the resolution of typical CT instruments for medical and industrial applications was as high as 25μm. Although it is relatively difficult to provide enough resolution to detect tightly closed delaminations compared to ultrasonic C-scan techniques, the CT technique has been successfully applied to resolve composite defects, such as matrix cracks, delaminations and fibre bundles. Fig. 4 [10] suggests that a CT image alone provided much better resolution of the outline of the damage area than the planar view of X-radiography. Internal damage in a SiC fibre-reinforced aluminium matrix composite under static tension was also successful observed by the in situ X-ray CT technique based on a synchrotron radiation.
Based upon the same principle as the X-ray CT system, the X-ray tomographic microscopy (XTM) is equipped with a much greater volume resolution and faster data acquisition system. When focused high energy parallel X-rays are used from the radioactive sources, the spatial resolution can become better than 10 μm. The radiation source produces highly collimated X-ray beams that pass through a sample positioned on a rotation stage. They pass through a magnifying optical lens and are eventually converted into a visible light by means of a single crystal fluorescent scintillator screen. Lenses are used to alter the X-ray image formats in the electro-optic X-ray detector. The visible light image is recorded on a two-dimensional charge coupled device (CCD) detector. Tomographic software converts the X-ray absorption profile data into a two-dimensional construction of linear attenuation coefficients of the sample interior. In summary, both the X-ray CT and XTM techniques can provide a nondestructive means of evaluating impact damage and internal features of composite materials in both the qualitative and quantitative ways.
ULTRASONIC TECHNIQUES
Ultrasonic measurements are most commonly used to detect damage in composite structures. The basic principle of all these techniques is that ultrasonic pulses in the frequency range from 1 to 20 MHz are generated to transmit through the material to a transducer (through-transmission mode) or to reflect back to the input transducer by defects or materials inhomogeneities (reflection or pulse-echo mode) [11] . In both techniques, a piezoelectric transducer is placed on one surface of specimen to introduce sound waves in the ultrasonic frequency range. As the sound waves propagate through the material, some of them are interrupted by the presence of defects or materials inhomogeneities, and the energy levels are attenuated. The amplitude, frequency dependence and arrival times of detected pulses are used for defect analysis. In the through-transmission mode where two transducers are used, the axes of the sending and receiving transducers must be perfectly aligned across the thickness of specimen for maximum efficiency.
A coupling medium with high acoustic impedance, e.g. de-ionised water, grease or gel, is needed between the transducer and the specimen to maximise the energy transfer. In a manufacturing operation, coupling to composites is usually achieved by immersing the specimen completely in a water tank. Immersion in water has an advantage over other coupling media in that the coupling remains uniform and thus the ultrasonic sound waves can be more focused and collimated. Coupling can also be obtained by squirting a narrow stream of water on the part surface, through which the ultrasonic wave is transmitted. It is well accepted that ultrasonic techniques are better suited to MMCs than to PMCs because ultrasound is rapidly attenuated by polymeric materials. 
Three Modes of Image Presentation
Once the composite part is scanned at regular intervals across its surface, the ultrasonic map of defects can be presented in three different modes, namely A-scan, B-scan and C-scan, as shown in Fig. 5 [11] . In the A-scan mode, the attenuated signals are displayed as a series of peaks against the time scale on an oscilloscope. The position of its echo along the time axis allows the defect location to be detected in the thickness direction, while the amplitude of the echo can give some indication of the size and nature of the defect. In the B-scan analysis mode, cross-sectional measurement can be made along any vertical plane, eliminating the need for destructive cross-sectioning of specimen. B-scan is basically a series of very close-spaced A-scans through the thickness of specimen.
The well-established ultrasonic technique for composite structures is the C-scan mode where the extent of damage can be examined by varying the time gate. In the conventional C-scan analysis, the transducer is moved in a plane parallel to the specimen surface in a rectilinear raster pattern to provide a planar view of the defect in 'one shot' image. This image eliminates the need to produce multiple scans and is ideal for rapidly identifying gross anomalies in on-line inspection. High ultrasonic attenuation is shown in either dark grey or black colour in the C-scan image. Once the presence of a defect is identified on a C-scan, its location in the thickness direction can be obtained using the A-scan or B-scan analysis. Nevertheless, if there are several defects present at the same distance in the plane direction, but at different locations in the thickness direction, the ultrasonic waves may be attenuated by the first defect encountered and the other defects below it may not be clearly detected, due to the 'shielding effect' [12, 13] . 
Acoustic Microscopy Techniques
A useful variant of conventional ultrasonic technique is acoustic microscopy. An acoustic microscope provides much higher sensitivity to critical impact damage than a C-scan. Two different types of acoustic microscopes are currently used: the scanning laser acoustic microscope (SLAM) and the scanning acoustic microscope (SAM). The SLAM is based on a through-transmission mode and operates at frequencies in the range of 10 to 500 MHz. A scanning laser detector is employed to generate real time images of internal features at a rate of about 1/30 sec per image. In the SAM, the specimen is scanned line by line using a very fine ultrasonic beam. Two different types of acoustic wave modes are being used: the burst-wave and pulse-wave modes. In the pulse-wave mode, a specially designed lens is used to focus the ultrasonic waves onto a spot located at a depth up to 2-3 mm beneath the specimen surface. The reflected waves are received back from the spot, which are transmitted to a synchronous display to build up an image for the scanned area. SAM images can be generated for the cross sections (B-scan analysis), for the entire specimen thickness (multiple C-scans), or for specific depths (ply-by-ply C-scan analysis). The ply-by-ply C-scan analysis allows the damage accumulated through the thickness to be viewed by monitoring the ultrasonic signal amplitude at a specific specimen depth. Further, time-of-flight (TOF) analysis has been developed to allow the selection of narrow time gates and thereby to analyse the acquired 3D volume of data based on the travel time (i.e. time of flight) of reflected waves.
Once the data are fixed with respect to the front and rear surface echoes, the information about travel time permits the internal damage to be identified. Therefore, in the TOF analysis, the internal features at any plane can be mapped topographically relative to the front surface or any sub-surface planes, resolving the distribution, size and shape of defects throughout whole specimen thickness, i.e. 'volume visualization' [5] . The 3D distributions of impact damage in carbon fibre composite laminates containing several different types of thermosets and thermoplastics have been studied using SAM [5, 14, 15] . Fig. 6 illustrates a SAM photograph of the gross damage in a carbon fibre-bismaleimide (BMI) matrix composite obtained from the multiple C-scan. The total damage area had a circular shape, consistent with previous observations from conventional C-scan analysis for similar systems and lay-up sequence. The level of grey colour from light to dark grey indicates the depth of the layers containing such delaminations from the front surface. The SAM images of ply-by-ply C-scan and TOF analyses for the top eight layers are presented in Fig. 7 . The former images provided information about accumulated damage toward the back surface, while the latter images allowed accurate measurements of damage area and shape at the individual layers.
The impact damage resistance of carbon fibre composite laminates as determined by several damage parameters was controlled by the type of matrix material and the processing condition [5] . Fig. 8 shows the SAM images generated from the TOF analysis of the impact damage in carbon fibre composites with epoxy and polyetheretherketone (PEEK) matrices. The reflected signals observed in the front and back several layers of the fast-cooled carbon-PEEK system did not represent damage, but were due to the high damping characteristics of PEEK. Fig. 9 presents the corresponding total delamination area and the residual strength plotted as a function of impact energy. The delamination area was small in the order of fast-cooled, slow-cooled carbon-PEEK and carbon-epoxy systems for a given impact energy level. Meanwhile, the incipient impact energy, U i , below which no delamination occurred was low in the same order, indicating the impact damage resistance was superior in composites of the same order ( Fig. 9 (a) ). The ability to predict the residual strength of a damaged structure is of particular importance for an effective damage tolerant design. Impact damaged composites experience significant strength reduction [16, 17] . The residual strengths were higher in the order of fast-cooled, slow-cooled carbon-PEEK and carbon-epoxy systems, although the absolute strength values were slightly higher for the slow-cooled composites than for the fast-cooled counterpart ( Fig. 9(b) ). The threshold impact energy, U 0 , below which no strength degradation took place, was also highest for the fast-cooled carbon-PEEK system. All these observations indicates that the slow-cooled composites contained PEEK matrix with a high degree of crystallinity, giving rise to high strength and stiffness, whereas the relatively high ductility of amorphous-rich PEEK matrix in the fast-cooled composite enhanced the interlaminar fracture resistance. Apart from the foregoing discussion on characterisation of impact damage in composites, the SAM technique has also been widely used for applications in other types of fracture of composites. The SAM study of carbon fibre composite laminates containing epoxy and polyether-etherketone (PEEK) [14] revealed that the interlaminar crack fronts in mode I and mode II delamination fracture tests had a zigzag shape on the microscopic scale, while the front shape in mode I had a thumb-nail shape on the macroscopic scale. The delamination initiation was found to correlate well with the non-linear point in the corresponding load-displacement record. Interface debonding and surface opening cracks at the nitride-braze joint and gold-steel adhesive joint were also successfully detected using SAM.
(a) (b) Fig. 9 (a) Total delamination area and (b) CAI residual compressive strength versus applied impact energy. The incipient impact energies, U i , and the threshold impact energies, U 0 , for three composites are indicated. After Gao and Kim [14] .
In summary, the ultrasonic SAM techniques are a proven, powerful tool for reliable and accurate characterisation of impact-induced internal damage in composites. In particular, the combination of the ply-by-ply C-scan and TOF analysis is an efficient technique in 3D mapping of multi-layer delaminations, which in turn allows accurate measurements of delamination size and shape. Excellent correlation has been established with the results obtained from cross-sectional fractography. Nevertheless, the capabilities are still limited to the detection of damage whose characteristic dimensions are relatively large compared to the wavelength of ultrasound. Furthermore, the SAM techniques often fail to detect matrix cracks linking delaminations in the adjacent layers, and cannot provide accurate delamination patterns that are shielded partly or totally by the damage present in other layers, due to the 'shadow effect' [18] .
CONCLUDING REMARKS
A great deal of experimental techniques have been developed and successfully employed to evaluate the damage state in fibre reinforced composites subjected to impact loading. The advancement in understanding the damage modes and failure mechanisms upon impact has been possible with the development of state-of-the-arts techniques, such as scanning acoustic microscopy (SAM) and X-ray tomographic microscopy (XTM). It is clear that the volume-visualization SAM combined with ply-by-ply and time-of-flight (TOF) analyses has been the method of first choice for impact damage characterization of composite laminates from both the detectability and image resolution viewpoints. The SAM indeed provides an effective and quick alternative to destructive, time-consuming de-ply and cross-section fractography techniques, capable of identifying damage shape, size and locations in three-dimensional perspectives. Radiography of various natures provide some capabilities complementary to SAM and other techniques based on ultrasound. The X-ray computed tomography (CT) and XTM have a great potential for 3D evaluation of damage in composites. As sensors, optical fibres embedded within the composite have the ability to detect the occurrence and location of delaminations. The other techniques, including acoustic emission, laser optical methods and infrared thermal methods, currently have limited capabilities in damage detection and image processing, compared to the SAM and XTM. Table 1 [5] summarizes the applicability and sensitivity of damage detection by various destructive and non-destructive inspection techniques. The technology to evaluate the damage or defects in composite materials is becoming mature, although none of the aforementioned techniques is perfectly ideal for obtaining all necessary information in desired conditions and locations. With the increasing applications of composites materials in many different industries, the demand for advanced instrumentation for damage detection and imaging techniques will be ever increasing. Table 1 Rating of major inspection techniques with respect to impact damage sensitivity
